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Clustering of immunoreceptors upon association
with multivalent ligands triggers important re-
sponses including phagocytosis, secretion of cyto-
kines, and production of immunoglobulins. We
applied single-molecule detection and tracking
methods to study the factors that control themobility
and clustering of phagocytic Fcg receptors (FcgR).
While the receptors exist as monomers in resting
macrophages, two distinct populations were
discernible based on their mobility: some diffuse by
apparent free motion, while others are confined
within submicron boundaries that reduce the fre-
quency of spontaneous collisions. Src-family and
Syk kinases determine the structure of the actin cyto-
skeleton, which is fenestrated, accounting for the
heterogeneous diffusion of the FcgR. Stimulation of
these kinases during phagocytosis induces reorgani-
zation of the cytoskeleton both locally and distally in
a manner that alters receptor mobility and clustering,
generating a feedback loop that facilitates engage-
ment of FcgR at the tip of pseudopods, directing
the progression of phagocytosis.
INTRODUCTION
Immunoreceptors, such as Fc, B cell, and T cell receptors, are
responsible for the recognition of antigens, whether by them-
selves or bound to antibodies or major histocompatibility com-
plex (MHC) molecules. Signaling by these receptors is essential
for innate and adaptive immune responses. Detailed studies of
their structure in the free and bound states indicate that immu-
noreceptors do not undergo significant conformational changes
upon ligand binding (Woof and Burton, 2004). Instead, immu-
noreceptor-mediated signaling is elicited by their clustering.
Accordingly, immunoreceptor activation is not triggered by
monovalent ligands, requiring multivalent stimuli (Holowka
et al., 2007; Jones et al., 1985; Odin et al., 1991).534 Developmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier InImmunoreceptors possess in their cytosolic domain a tyro-
sine-based activation motif (ITAM) that upon receptor clustering
becomes phosphorylated by Src family kinases and possibly
also by the spleen tyrosine kinase Syk (Kiefer et al., 1998; Nim-
merjahn and Ravetch, 2008). The signaling cascade unleashed
by phosphorylation of the ITAM causes a marked reorganization
of the actin cytoskeleton, culminating with the formation of an
immunological synapse (Xie et al., 2013) or, in the case of Fcg re-
ceptors (FcgR), the phagocytosis of target particles (Flannagan
et al., 2012). FcgR have been tacitly assumed to exist as mono-
mers that are evenly distributed on the cell surface and move in
Brownian fashion. Upon exposure to particles decorated with
multiple IgG molecules—their preferred ligand—FcgR are
thought to be progressively recruited (‘‘zipper’’) around the
particle (Griffin et al., 1975) as a result of random lateral diffusion.
FcgR clustering and hence activation occur as a consequence of
such zippering.
The ability of receptors to rapidly diffuse and cluster is predi-
cated on the assumption that biological membranes behave as
fluid bilayers (Singer and Nicolson, 1972). However, a number
of recent observations question the general applicability of the
Singer-Nicolson fluid mosaic model. First, most proteins studied
display lateral mobilities that are 5 to 50 times slower in the
plasma membrane of cells than in artificially reconstituted bila-
yers of comparable lipid composition (Kusumi et al., 2005). Sec-
ond, photobleaching recovery determinations suggested that a
subset of plasma membrane proteins are immobile (Jacobson
et al., 1976; Schlessinger et al., 1976), and a number of proteins
undergo anomalous diffusion, rather than the anticipated free
diffusion (Crane and Verkman, 2008; Smith et al., 1999). Third,
while the fluid mosaic model predicts that lateral mobility should
be onlymarginally sensitive to the size of themolecule and there-
fore barely affected by oligomerization (Saffman and Delbru¨ck,
1975), the oligomerization of membrane proteins can reduce
their diffusion up to 40-fold (Iino et al., 2001). Finally, plasmalem-
mal proteins dragged by optical tweezers can rebound to their
initial location once they escape the optical trap, suggesting
the existence of elastic structures that restrict diffusion within
the membrane (Sako and Kusumi, 1995). In view of these obser-
vations, the fluid mosaic model has been revised in favor of an
alternative model, where the plasmalemma is compartmental-
ized by molecular ‘‘fences.’’ The fence-like structures arec.
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teins, anchored to the actin filament network juxtaposed to the
bilayer (Kusumi et al., 2005). The density and limited mobility of
the transmembrane pickets restrict the diffusion of mobile pro-
teins and lipids in the plane of the membrane.
This reinterpretation of the fluid mosaic model, as well as
earlier observations indicating that FcgR heterologously ex-
pressed in cell lines are partially mobile (Zhang et al., 1995),
prompted us to assess experimentally whether FcgR in fact un-
dergo free diffusion. If confined by pickets and fences, it is un-
clear whether FcgR could cluster effectively, particularly during
the short window of opportunity presented by the casual contact
with particles such as microorganisms, which can be mobile. In
addition, it was of interest to establish whether the rearrange-
ment of the cytoskeleton that accompanies phagocytosis can
itself alter the mobility of the receptors (Jaqaman and Grinstein,
2012; Jaumouille´ and Grinstein, 2011). To address these ques-
tions, we analyzed lateral mobility of FcgR at the single-molecule
level. Our results indicate that, contrary to earlier assumptions,
FcgR behave heterogeneously, displaying confined and freely
mobile subpopulations or states. In addition, engagement of a
fraction of the FcgR alters the ability of the unengaged receptors
to diffuse, potentially amplifying the response.
RESULTS
Heterogeneous Mobility of Fc Receptors
We studied the behavior of FcgRIIA in human monocyte-derived
macrophages using antibodies to an exofacial epitope. To pre-
vent clustering induced by the detection system, Fab fragments
of a monoclonal antibody (clone IV.3) were prepared and visual-
ized on the dorsal surface of the cells by addition of a secondary
anti-mouse Fab fragment conjugated to Cy3 or to biotin. When
using biotin-conjugated secondary Fab fragments, detection
was accomplished using avidin-coupled quantum dots (Qdots),
which are considerably brighter and less susceptible to photo-
bleaching than Cy3. Crosslinking was avoided by adding the
Qdots to the cells in the cold to minimize lateral displacement,
followed by addition of free biotin to occlude the excess binding
sites. Labeling was performed at low density (Figure 1A) to
distinguish single FcgRIIA molecules. Individual features were
detected and tracked using custom-made algorithms (Jaqaman
et al., 2008, 2011).
Moment scaling spectrum (MSS) analysis of single trajectories
was used to characterize receptor motion (Ewers et al., 2005;
Jaqaman et al., 2008, 2011). As illustrated in Figures 1B–1D
and Movie S1 available online, FcgRIIA showed heterogeneous
behavior: 64.4% ± 2.4% of the Cy3-labeled receptors displayed
apparent free motion, whereas 27.4% ± 2.3% were confined.
Similar results were obtained when FcgRIIA were labeled using
Qdots: 64.2% ± 1.8% displayed free motion and 30.8% ±
1.9% were largely confined throughout the acquisition period,
which was as long as 30 s (average track length was 7.5 s; Fig-
ures 1C and 1D). The diffusion of a minor fraction of the FcgRIIA
(4.9% when using Qdots, 8.2% with Cy3) appeared as directed
by a flow. This small fraction remained unchanged under most
conditions and will not be discussed further. The median diffu-
sion coefficient of the free receptors was 0.074 ± 0.004 mm2 3
s1 when labeled with Cy3 and 0.071 ± 0.005 mm2 3 s1 whenDevemeasured with Qdots. These observations imply that the larger
nanocrystal probe did not perturb receptor behavior. The diffu-
sion coefficients of the confined receptors were estimated to
be 0.032 ± 0.005 mm2 3 s1 or 0.026 ± 0.002 mm2 3 s1 when
labeled with Cy3 or Qdots, respectively. If the cells were fixed
with paraformaldehyde prior to analysis a single population of
immobile receptors was detected, with a negligible diffusion co-
efficient (0.002 ± 0.002 mm2 3 s1; Figure S1A). These observa-
tions suggest that the confined FcgRIIA detected in live cells are
not firmly tethered to a fixed structure but instead diffuse within
circumscribed areas or ‘‘corrals.’’ By analyzing the localization
of individual confined receptors over periods of up to 30 s, we
determined that the corrals had a mean area of 0.119 ±
0.015 mm2 (Figure S1B), larger than lipid rafts or protein complex
domains, but in the range of actin-based membrane compart-
ments (Kusumi et al., 2012). FcgRIIA did not follow the linear
tracks described for CD36 in the same cells (Jaqaman et al.,
2011); 93%of FcgRIIA displayed isotropic behavior (Figure S1C).
The heterogeneous behavior of the population raised the
question whether some of the FcgRIIA would be more suscepti-
ble to collisions, and hence to clustering, that could result in re-
ceptor activation. Monte Carlo simulations of receptor diffusion
(see Experimental Procedures) indicated that the collision rate
was greatly diminished by receptor confinement and became
lower as the corral size was reduced (Figure S1D). The simula-
tions also indicated that receptor collision rate increased as
the diffusion coefficient was ramped up (Figure S1E). These re-
sults predict that freely diffusing receptors would collide more
frequently than confined receptors. Of note, the effect of confine-
ment appeared more limited at higher receptor density (Figures
S1F and S1G). The predicted effect of confinement on receptor
diffusion prompted us to measure experimentally the frequency
of collision events of Cy3-labeled FcgRIIA (Calebiro et al., 2013;
Jaqaman et al., 2011). As anticipated, the collision frequency
was 1.73 ± 0.12-fold higher for freely diffusing receptors than
for those that were confined (Figure 1E). Jointly, these results
indicate that, contrary to earlier assumptions, FcgRIIA behave
heterogeneously and are differentially predisposed to collide in
the presence of multivalent ligands.
The Confinement of FcgRIIA Is Not Due to
Oligomerization or to Association with Cholesterol-Rich
Microdomains
Coexistence of receptors in different states of aggregation
could account for the presence of subpopulations of FcgRIIA
with distinct mobility. Although functional evidence suggests
that FcR exist as monomers when not engaged by ligands,
the possibility of spontaneous dimerization of FcgRIIA has
been invoked (Powell et al., 2006). To determine the state of
oligomerization of FcgRIIA in the absence of ligand, macro-
phages were labeled with increasing concentrations of primary
anti-FcgRIIA Fab fragments, followed by a constant saturating
concentration of Cy3-conjugated secondary Fab. As previously
described, individual Cy3 fluorophores display a defined inten-
sity that enables the quantification of labeled molecules in a
complex (Jaqaman et al., 2011). As shown in Figure 1F, while
the number of detected features increased as the concentration
of primary Fab increased, their modal fluorescence intensity
remained constant. This suggests that the detected featureslopmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inc. 535
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Figure 1. Single-Molecule Imaging of FcgRIIA Reveals Heterogeneous Mobility in Human Primary Macrophages
(A) Low-density labeling of FcgRIIA with Q-dots (red) at the surface of primary monocyte-derived macrophages. Representative image of more than 100 cells,
from more than ten independent experiments.
(B) Tracks obtained by SPT of FcgRIIA in one representative field of view. Confined motion is represented in navy blue and pointed by arrowheads; free motion is
represented in cyan and pointed by arrows. Representative field of more than 100 cells, from more than ten independent experiments.
(C) Percentage of confined receptors (circles) and free receptors (triangles), labeled with Cy3 (purple) or Q-dot (orange). Each dot represents one individual cell.
Mean (black bar) and SEM (red bars) are displayed for each population. A total of 18,756 tracks from n = 40 cells and 27,506 tracks from n = 130 cells were
analyzed for Cy3 and Q-dot-labeled cells, respectively.
(legend continued on next page)
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Figure 2. FcgRIIA Mobility Is Not Confined
by Cholesterol-Rich Microdomains
(A) Filipin staining of cholesterol in primary
human macrophages. Representative images of
more than 30 fields, from three independent
experiments.
(B) Quantification of filipin intensity at the plasma
membrane of individual primary macrophages.
Measurements of each separate experiment were
normalized to the mean intensity of the control
cells.
(C) Median diffusion coefficient (for all particles
regardless of motion type) in control (purple) and
methyl-b-cyclodextrin-treated cells (orange). A
total of 8,790 tracks from 35 cells and 5,640 tracks
from 26 cells were analyzed for control andmethyl-
b-cyclodextrin-treated cells, respectively.
(D) Percentage of confined receptors (circles) and
free receptors (triangles), in control (purple), and
methyl-b-cyclodextrin-treated cells (orange).
Error bars represent SEM.
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Syk Regulates Fcg Receptor Responsivenessrepresent single receptors. To further explore the state of
FcgRIIA oligomerization, we performed photobleaching experi-
ments. If the detected features were composed of two or more
labeled receptors, their photobleaching would occur stepwise,
revealing the number of fluorophores. Figure 1G illustrates
that, upon intense illumination, the number of fluorescent fea-
tures in the field of view decreased progressively as a result
of photobleaching. However, the vast majority of the spots dis-
appeared in one single step, leaving the mean intensity of the
remaining features unaltered (Figures 1G and 1H). Together,
these experiments indicate that in the absence of ligands
FcgRIIA exist largely as monomers. Thus, heterogeneous oligo-
merization cannot account for the observed subpopulations
with differing mobility.
As an alternative, we contemplated the possibility that the
fraction of FcgRIIA that displayed confined motion might reside
in cholesterol-enriched lipid microdomains (rafts). Such micro-
domains can act as diffusional traps for membrane proteins
(Douglass and Vale, 2005; Suzuki et al., 2007). Indeed, FcgRIIA
is a palmitoylated transmembrane protein that can in principle
associate with lipid rafts (Kwiatkowska and Sobota, 2001;
Rollet-Labelle et al., 2004). To analyze the contribution of choles-
terol-enriched microdomains we treated macrophages with(D) Median diffusion coefficients of confined receptors (diamonds) and free receptors (squares), labeled with
(E) Ratio of merge frequency between free receptors and confined receptors, labeled with Cy3. Each dot rep
from n = 40 cells were analyzed.
(F) Fluorescence intensity histograms of detected Cy3-labeled FcgRIIA with different primary Fab concentra
analyzed with a Gaussian fit (red line) and their mean intensity value is reported in the top right boxes.
(G) Average fluorescence intensity of detected particles determined by Gaussian fitting (blue), and number
during photobleaching experiments with Cy3-labeled FcgRIIA in fixed cells.
(H) Representative measurements of the fluorescence intensity of individual features over time, illustrating p
Error bars represent SEM. See also Figure S1 and Movie S1.
Developmental Cell 29, 534–methyl-b-cyclodextrin (MbCD). The effec-
tiveness of this treatment was validated
using filipin: exposure to MbCD removed
68.7% ± 3.8% of the plasmalemmal
cholesterol (Figures 2A and 2B). Treat-ment with MbCD reduced the diffusion coefficient of the entire
population (Figure 2C), as observed previously for a variety of
other membrane proteins (Fujiwara et al., 2002; Murase et al.,
2004). Remarkably, cholesterol depletion was accompanied by
an increase in the proportion of confined FcgRIIA (from
32.8% ± 2.7% to 48.7% ± 4.1% of total), instead of the hypoth-
esized decrease (Figure 2D). These results imply that receptor
confinement is not due to association with cholesterol-rich mi-
crodomains, consistent with earlier reports (Kwiatkowska and
Sobota, 2001; Rollet-Labelle et al., 2004).
The Lateral Mobility of FcgRIIA Is Regulated by the
Tyrosine Kinases Src and Syk
We next speculated that a fraction of the FcgRIIA might asso-
ciate with other molecules, which could alter receptor mobility.
Because interactions of FcgRIIA with effector molecules depend
on receptor phosphorylation (Nimmerjahn and Ravetch, 2008),
we assessed this possibility using kinase inhibitors. Two types
of tyrosine kinases are known to phosphorylate the ITAM of
FcgR: Src-family kinases (SFK) and Syk (Ghazizadeh et al.,
1994; Kiefer et al., 1998). When active, these kinases undergo
autophosphorylation, and the occurrence of this event can be
monitored using specific antibodies (anti-pTyr416 in the case ofCy3 (purple) or Q-dot (orange).
resents one individual cell. A total of 18,756 tracks
tions (in mg/ml) in fixed cells. Intensity modes were
of detected particles (green), measured over time
hotobleaching events.
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Figure 3. FcgRIIA Mobility Is Regulated by
Syk- and Src-Family Kinases
(A) Endogenous Src activity revealed by anti-
phospho-Src Y416 immunoblotting in resting
untreated or PP1-treated primary human macro-
phages. Representative western blot from three
independent experiments.
(B) Endogenous Syk activity revealed by anti-
phospho-Syk Y525/526 immunoblotting in resting
untreated or piceatannol-treated primary human
macrophages. Representative western blot from
three independent experiments.
(C) Percentage of confined FcgRIIA (circles) and
free FcgRIIA (triangles), in control (purple), PP1
(orange) and piceatannol-treated (blue) primary
humanmacrophages. A total of 27,506 tracks from
n = 130 cells, 7,768 tracks from n = 50 cells, and
7,027 tracks from n = 51 cells were analyzed
for control, PP1-, and piceatannol-treated cells,
respectively.
(D) Median diffusion coefficients of FcgRIIA in
control (purple), PP1- (orange), and piceatannol-
treated (blue) primary human macrophages.
(E) Percentage of confined FcgR (circle) and free
FcgR (triangle), in wild-type (purple), and syk/
(blue) mouse bone marrow-derived macrophages.
9747 tracks from n = 16 cells and 18955 tracks
from n = 20 cells were analyzed for wild-type and
syk/ macrophages, respectively.
(F) Median diffusion coefficients of FcgR in wild-
type (purple) and syk/ (blue) mouse bone
marrow-derived macrophages.
Error bars represent SEM. See also Figure S2.
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Syk Regulates Fcg Receptor ResponsivenessSrc and anti-pTyr525/526 for Syk). The effectiveness of PP1 (a SFK
inhibitor) and of piceatannol (a Syk inhibitor) was verified using
such antibodies (Figures 3A, 3B, and S2A). Having demonstrated
effective inhibition of SFK,we tested the effect of PP1 on FcgRIIA
mobility by single-particle tracking (SPT). Rather than increasing
the mobility of the receptors, as would be anticipated by disso-
lution of preformed complexes, inhibition of SFK activity
increased the proportion of confined FcgRIIA (from 31.2% ±
1.2% to 43.9% ± 3.5%) and decreased the overall diffusion co-
efficient (from 0.058 ± 0.002 mm2 3 s1 to 0.038 ± 0.005 mm2 3
s1; Figures 3C and 3D). Inhibition of Syk had an even more
pronounced effect, increasing the proportion of confined
FcgRIIA to 62.2% ± 4.7% while decreasing the diffusion coeffi-
cient to 0.021 ± 0.005 mm2 3 s1 (Figures 3C and 3D). To mini-
mize the possibility that off-target effects were responsible for
the changes caused by piceatannol, we also tested Bay
61-3606, a structurally unrelated Syk inhibitor. Like piceatannol,
Bay 61-3606 increased the proportion of confined FcgRIIA
(to 43.4% ± 2.7%) and decreased its diffusion coefficient (to
0.046 ± 0.004 mm23 s1; Figures S2B and S2C). More definitive
evidence that the observed effects were in fact attributable to
Syk was obtained using macrophages obtained from Syk-
deficient mice (Crowley et al., 1997). Because FcgRIIA is not
expressed in mice, we measured instead the behavior of538 Developmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inc.FcgRIIB/FcgRIII using a Fab fragment
from antibody 2.4G2, which recognizes
these receptors. Analysis of FcgRIIB/FcgRIII mobility in mouse macrophages yielded results that
were very similar to those obtained for human FcgRIIA. In wild-
type cells 61.7%± 3.2% of the receptors underwent freemotion,
whereas 32.3% ± 3.4% were confined (Figure 3E). The diffusion
coefficient was 0.052 ± 0.006 mm2 3 s1 (Figure 3F). In syk/
macrophages however, only 38.2% ± 2.4% of the FcgR under-
went free motion, whereas 57.8% ± 2.6% were confined, and
the diffusion coefficient dropped to 0.018 ± 0.002 mm2 3 s1
(Figures 3E and 3F). Thus, phosphorylation-dependent associa-
tion of receptors with effector proteins cannot explain the pres-
ence of a confined subpopulation of FcgR. On the other hand,
our results revealed a surprising role of SFK and Syk in regulating
the mobility of FcgRIIA and FcgRIIB.
Syk Governs FcgRIIA Lateral Mobility Independently of
Receptor Phosphorylation
Because the inhibition or deletion of the tyrosine kinases had an
unexpected effect on FcgR mobility, we investigated whether
the altered behavior was due to changes in the phosphorylation
of the receptor itself. To this end, we heterologously expressed
either wild-type FcgRIIA or a mutant form in which the three
tyrosines that are susceptible to phosphorylation were replaced
by phenylalanines (termed 3Y-F; Figure 4A). The murine
RAW264.7 line (referred to as RAW cells hereafter) was used
AB
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Figure 4. Receptor Tyrosine Phosphorylation Does Not Account for
FcgRIIA Confinement in Resting Macrophages
(A) Amino acid sequence of FcgRIIA cytosolic tail. The three tyrosines (blue) in
the wild-type protein were replaced by phenylalanines (red) in the 3Y-F mutant
construct.
(B) Percentage of confined receptors (circles) and free receptors (triangles),
observed for wild-type or 3Y-F mutant receptors in control (orange and blue,
respectively), or piceatannol-treated (purple and green, respectively) RAW
264.7 macrophages. A total of 24,367 tracks from n = 37 cells, 41,272 tracks
from n = 40 cells, 11,184 tracks from n = 37 cells, and 15,053 tracks from n = 34
cells were analyzed for wild-type, wild-type + piceatannol, mutant and
mutant + piceatannol cells, respectively.
(C) Median diffusion coefficients observed for wild-type or 3Y-F mutant
receptors in control (orange and blue, respectively), or piceatannol-treated
(purple and green, respectively) RAW 264.7 macrophages.
Error bars represent SEM.
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nous FcgRIIA, and the receptors were labeled with Qdots. Anal-
ysis of FcgRIIA mobility showed that 51.7% ± 1.3% of the wild-
type receptors were freely mobile, while 44.1% ± 1.4% were
confined (Figure 4B). Thus, the heterogeneous behavior of
FcgRIIA was recapitulated in a heterologous expression system.
Moreover, as in the human cells, piceatannol treatment
increased the fraction of confined receptors (to 75.4% ± 2%)
while lowering the fraction of free FcgRIIA (to 21.8%± 1.8%; Fig-
ure 4B). Interestingly, when expressed in untreated RAW cells
the mutant FcgRIIA behaved identically to the wild-type recep-
tor. Of note, piceatannol treatment increased the confinement
of the mutant receptor to the same extent as observed for
wild-type FcgRIIA (Figure 4B). Similarly, the diffusion coefficients
of wild-type andmutant receptors were not significantly differentDevein untreated cells and were comparably depressed by treatment
with piceatannol (Figure 4C). Because the 3Y-F mutant cannot
be tyrosine phosphorylated, these results demonstrate that
Syk exerts its effects on FcgR mobility by a mechanism other
than direct receptor phosphorylation.
The Actin Cytoskeleton Governs FcgRIIA Mobility
Immunoreceptors, as well as other proteins that associate with
the ITAM-containing subunits DAP12 or FcR g-chain (FcRg),
utilize Syk to transduce signals (Mo´csai et al., 2010). One of
the downstream effects of these signaling cascades is a local
reorganization of the actin cytoskeleton. In view of the ‘‘picket-
fence’’ model of membrane architecture, we considered whether
the effects of Syk on FcgRIIA mobility are mediated by remodel-
ing the submembranous actin. To this end, we treated macro-
phages with an actin polymerization inhibitor. We were able to
perform SPT using a short (10 min) treatment with a moderate
dose (1 mM) of latrunculin B, which caused a partial disruption
of the actin cytoskeleton without detaching the cells from the
coverslip or grossly altering their morphology. As reported for
other immunoreceptors (Andrews et al., 2008; Treanor et al.,
2010), this treatment increased the diffusion coefficient of
FcgRIIA (to 0.089 ± 0.004 mm2 3 s1; Figure 5A). Interestingly,
this increased diffusion coefficient is accompanied by a 46%
reduction in the proportion of confined receptors (to 18.8% ±
1.3%), with a commensurate increase in the freely diffusing frac-
tion (to 74.6% ± 1.5%; Figure 5B).
Because a more thorough disassembly of the actin cytoskel-
eton leads to changes in cell morphology, precluding accurate
tracking of single particles, we extended our analysis of the
role of the cytoskeleton in FcgRIIA mobility using an alternative
method, namely fluorescence recovery after photobleaching
(FRAP). For these experiments, RAW cells were transfected
with GFP-tagged FcgRIIA and receptor mobility in otherwise un-
treated membranes was compared with that in membrane blebs
devoid of actin (Booth et al., 2002). These were generated by
treating macrophages with jasplakinolide. Stabilization of the
cortical actin by jasplakinolide causes a myosin II-dependent
contraction of the cytoskeleton, with concomitant extrusion of
actin-depleted membrane blebs (Flannagan et al., 2010). The
contraction of the cortical actin band was verified by cotrans-
fecting the cells with LifeAct, a probe that binds specifically to
F-actin (Riedl et al., 2008). Figure 5C shows not only that F-actin
underwent contraction following addition of jasplakinolide, but
also that the membrane blebs lacked detectable F-actin, yet
contained GFP-tagged FcgRIIA. In the absence of jasplakino-
lide, the diffusion coefficient of FcgRIIA-GFP estimated by
FRAP was 0.035 ± 0.02 mm2 3 s1 (Figure 5D), consistent with
data we obtained by SPT in the same cell line. By contrast,
FcgRIIA-GFP diffusion was markedly faster within membrane
blebs (D = 0.119 ± 0.103 mm2 3 s1; Figure 5D). Combined
with the SPT determinations in latrunculin-treated cells, these re-
sults demonstrate that the cortical actin is amajor determinant of
the lateral mobility of FcgRIIA, restricting receptor diffusion.
Syk Regulates FcgRIIA Mobility by Organizing the
Cortical Actin Meshwork
Syk is intimately involved in the reorganization of actin during
phagocytosis. It is therefore conceivable that tonic Syk activitylopmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inc. 539
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Figure 5. FcgRIIA Mobility Is Restricted by
the Actin Cytoskeleton
(A) Median diffusion coefficient in control (purple)
and latrunculin B-treated human primary macro-
phages (orange). A total of 6,005 tracks from n = 50
cells and 5,959 tracks from n = 40 cells were
analyzed for control and latrunculin-treated cells,
respectively.
(B) Percentage of confined receptors (circles) and
free receptors (triangles), in control (purple) and
latrunculin B-treated cells (orange).
(C) Confocal image of bleb formation in RAW 264.7
macrophages upon jasplakinolide treatment;
FcgRIIA-GFP (green) and LifeAct-mRFP (red).
Representative image of more than 20 cells from
three independent experiments.
(D) Diffusion of FcgRIIA-GFP determined by FRAP
at the plasma membrane of untreated RAW
macrophages (diamonds) or in the blebs of
jasplakinolide-treated RAW macrophages (cir-
cles), in presence (orange) or absence (purple) of
piceatannol.
Error bars represent SEM.
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the basal cytoskeletal structure of unstimulated macrophages;
such a contribution could account for the effects of Syk on
FcgRIIA mobility described above. This was investigated by
staining F-actin with rhodamine-phalloidin and comparing the
appearance of the cytoskeleton in the presence and absence
of Syk inhibitors, using confocal microscopy. As expected, un-
treated macrophages displayed a band of cortical actin lining
the dorsal membrane and a large number of intensely stained
ventral podosomes (Figures 6A, S2A, and S3A). Strikingly,
upon treatment with piceatannol the podosomes became
virtually undetectable and, instead, F-actin staining increased
markedly under the dorsal membrane. As a result, the ratio of
dorsal to ventral actin increased from 0.67 ± 0.07 in controls to
1.77 ± 0.2 after inhibition of Syk (Figure 6B). Despite this pro-
nounced redistribution, the total amount of cellular F-actin was
not significantly changed by piceatannol (Figure 6C).
As Syk is known to regulate the activity of several GEFs for
Rac1 and RhoA, which in turn control actin polymerization, we
determined the activity of these GTPases in macrophages using
the PBD domain of PAK1 or rhotekin, respectively (see Experi-
mental Procedures). In piceatannol-treated cells, Rac1 activity
decreased to 58.4% ± 4%, whereas RhoA activity increased to
151% ± 1.9% of the control level (Figure S3B). These changes
were associated with a decrease in the rate of actin polymeriza-
tion; piceatannol reduced the rate of monomeric actin associa-
tion with the barbed ends of filaments to 71.7% ± 8.8% of the
control (Figure S3C).540 Developmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inc.While regulation of Rho-family GTPase
activity by Syk can account for the
cytoskeletal alterations, it does not
clarify how the associated changes in F-
actin distribution restrict the mobility of
FcgRIIA. To gain further insight, we
analyzed the ultrastructure of the cortical
actin that lines the dorsal membrane, thesurface where receptor mobility was assessed. This was accom-
plished by visualizing the cytoskeletal meshwork in cells that
were demembranated by nonionic detergent in an actin fila-
ment-stabilizing buffer (Svitkina, 2007), prior to fixation and
preparation for high-resolution scanning electron microscopy
using field emission. As illustrated in Figure 6D, in untreated cells
the cytoskeleton was very heterogeneous, consisting of patches
of dense networks of microfilaments, separated by relatively
open areas devoid of filamentous material (Figure 6D). Following
incubation with the Syk inhibitor the patches of filamentous
meshwork were larger and denser, separated by much smaller
open areas (Figure 6D). Thus, the ultrastructure of the dorsal
cortical actin network correlated with the results obtained with
phalloidin and can explain the SPT results: receptors located in
the open areas presumably diffuse freely in the plane of the
membrane, while those in areas lined by an actin meshwork
undergo confinement. The increase in the number and density
of the latter accounts for the confining effects of piceatannol
and of genetic ablation of Syk.
A corollary of this hypothesis is that inhibition of Syk should
have no effect on receptors localized in areas devoid of the actin
cytoskeleton. The validity of this corollary was tested by FRAP
measurements in jasplakinolide-induced blebs, which lack
detectable actin (see Figure 5C). As predicted, the rapid diffusion
of GFP-tagged FcgRIIA in blebs formed by jasplakinolide-
treated RAW cells was unaffected by addition of piceatannol:
the diffusion coefficient was 0.108 ± 0.088 mm23 s1 in the pres-
ence of the inhibitor, compared to 0.119 ± 0.103 mm23 s1 in its
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Figure 6. Syk Inhibition Leads to a Large Redistribution of the Actin Cytoskeleton in Human Primary Macrophages
(A) Confocal images of phalloidin-labeled F-actin distribution in human primary macrophages. Top panel: transversal slice. Bottom panel: Z projection of maximal
intensities. Representative images of more than 50 cells from more than ten independent experiments. Blue arrows indicate podosomes.
(B) Ratio of phalloidin intensity between the dorsal and ventral surface of individual cells. Measurements of each separate experiment were normalized by the
mean intensity of the control cells.
(C) Quantification of total phalloidin intensity on individual cells. Measurements of each separate experiment were normalized by themean intensity of the control
cells.
(D) High resolution scanning electronmicroscopy of the cortical cytoskeleton of human primary macrophages after detergent-based plasmamembrane removal.
Representative images of at least 12 cells from three independent experiments.
Error bars represent SEM. See also Figure S3.
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sion rate of receptors in the membrane of cells not treated with
jasplakinolide, decreasing the diffusion coefficient from 0.035 ±
0.02 mm2 3 s1 to 0.017 ± 0.008 mm2 3 s1 (Figure 5D). These
results confirm that the effects of piceatannol are specific, attrib-
utable to alterations in cytoskeletal structure.
Syk Regulates FcgR Lateral Mobility within the
Phagocytic Cup
The preceding results indicate that (1) FcgR mobility is con-
strained by an inhomogeneous layer of cortical actin, and (2)
Syk influences the structure of the cortical cytoskeleton in
resting cells. Because the cytoskeleton is acutely remodeled
during the early stages of phagocytosis, and because Syk is
stimulated early in the process, it is likely that the initial engage-
ment of FcgR modifies the ability of the remaining, unengaged
receptors to move, thereby modulating their responsiveness.
Evaluating the occurrence andmagnitude of this purported feed-
back mechanism requires an understanding of the effects of Syk
on cytoskeletal structure. Our results above indicate that, in
resting macrophages, Syk activity is associated with reducedDevedorsal actin. This observation appears paradoxical, because
Syk is essential for the engulfment of IgG-coated particles
(Crowley et al., 1997; Kiefer et al., 1998), a process that entails
net actin polymerization at the phagocytic cup. However,
whether Syk is required for polymerization remains unclear,
because—at least in a few instances—actin remodeling at the
phagocytic cup has been reported to persist when the kinase
was inhibited or genetically ablated (Cougoule et al., 2006;
Crowley et al., 1997). As illustrated in Figure 7A and Movie S2
(top), we were able to recapitulate these observations: in RAW
macrophages expressing LifeAct-GFP, F-actin clearly accumu-
lated at the base of forming phagosomes, despite inhibition of
Syk by piceatannol. Note, however, that inhibition of Syk
arrested progression of the pseudopods around the target parti-
cle, precluding engulfment. The stage at which Syk exerts its
effects was more clearly visualized using an alternative experi-
mental model. RAW cells stably expressing actin-GFP were
suspended and allowed to settle onto IgG-coated coverslips,
thereby initiating frustrated phagocytosis (Figure 7B). The use
of this model ensures that the surface where receptor engage-
ment occurs remains in the focal plane throughout thelopmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inc. 541
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Figure 7. Syk-Mediated Actin Reorganization of the Actin Cytoskeleton Dictates FcgR Mobility during Phagocytosis
(A) Confocal images of F-actin localization during Fc-mediated phagocytosis in RAW 264.7 macrophages in absence (left) or presence (right) of piceatannol.
LifeAct-GFP (green), IgG-coated 5 mm polystyrene beads (red). Representative image of at least 12 cells from three independent experiments.
(B) Schematic of the frustrated phagocytosis model on IgG-coated coverslips.
(C) Time series of confocal images of actin-GFP distribution during frustrated phagocytosis, at the surface in contact with the coverslip, in untreated (top panel) or
piceatannol-treated (bottom panel) RAW macrophages. Representative images of more than 30 cells from five independent experiments.
(D) FcgRmobility within the phagocytic cup in RAW 264.7 macrophages. Tracks obtained by SPT of Fcg during 5 s (beige) are overlaid on the image of Actin-GFP
(gray). Representative image of more than 50 cells from more than five independent experiments.
(E) Percentage of confined receptors (circles) and free receptors (triangles), observed in the actin-poor leading edge (pink) of the actin-rich area (green) during
frustrated phagocytosis. A total of 398 tracks from n = 27 cells were analyzed.
(F) Percentage of confined receptors (circles) and free receptors (triangles), observed during frustrated phagocytosis in untreated (purple) or piceatannol-treated
(orange) RAW macrophages. A total of 11 tracks from n = 11 cells and 55 tracks from n = 15 cells were analyzed for control and piceatannol-treated cells,
respectively.
Error bars represent SEM. See also Figure S4 and Movie S2.
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coated surface, assembling vast amounts of actin at sites of
contact. As polymerization progresses outwardly, three distinct
regions can be identified: an actin-poor outer lamellipodium at
the advancing edge, an actin-rich ring, and an area of actin clear-
ance at the center of the frustrated phagosome (Figure 7C, top;
Movie S2, bottom); this region is equivalent to the base of the
phagocytic cup, where a comparable clearance zone develops
as the pseudopods advance (see Figure 7A). When cells were
pretreated with piceatannol the early phases of actin polymeriza-
tion, though attenuated, were still observed at sites of contact.
However, these failed to advance and the extension of the lamel-
lipodium and the development of the clearance zone were
impaired (Figure 7C; Movie S2, bottom panel). Thus, Syk activity542 Developmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inseems to be required for the disassembly of actin that enables
pseudopod progression. This contribution of Syk to actin depo-
lymerization is akin to the effect of the kinase in resting cells.
Having established the pattern of actin polymerization during
frustrated phagocytosis, we took advantage of this model to
measure the mobility of unengaged FcgR in regions of varying
F-actin density. FcgRIIB and FcgRIII were labeled at low density
on the surface of suspended, actin-GFP expressing macro-
phages. The labeled cells were then allowed to settle onto IgG-
coated coverslips, initiating phagocytosis. Importantly, the Fab
fragment used to label the FcgR interacts with the Fc-binding
domain of the receptors, preventing engagement by ligands.
Thus, the behavior of free receptors could be monitored while
others were being engaged by the IgG on the coverslip. Byc.
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Syk Regulates Fcg Receptor Responsivenessimaging GFP-actin, we were able to select a stage of phagocy-
tosis when the phagocytic cup had developed (Figure 7D) and
used this window of time to record FcgRmobility. TheMSS anal-
ysis showed that the majority of the unengaged receptors were
freely mobile at the fringe of the cup, where actin was less dense
(66.9% ± 4.9% free motion, 23% ± 3.9% confined). By contrast,
the majority (61.9% ± 7.2%) of the receptors present in the ring
formed by densely polymerized actin (selected for analysis using
a thresholding algorithm) were confined (Figure 7E).
As Syk inhibition did not prevent the initial burst of actin poly-
merization but rather impaired progression of the pseudopods
and actin clearance from the middle of the forming phagosome,
we were also able to measure receptor mobility at nascent cups
in the presence of piceatannol. When mobility was measured at
sites of frustrated phagocytosis in the presence of the inhibitor,
the fraction of confined receptors reached 76.5% ± 10.9%,
whereas only 15.1% ± 8.5% of the FcgR underwent free motion
(Figure 7F). These observations demonstrate that activation of
actin polymerization during phagocytosis restricts the mobility
of unengaged FcgR, whereas activation of Syk restores their
mobility by inducing actin clearance.
DISCUSSION
Our observations enabled us to reach threemain conclusions: (1)
at least two subpopulations or states of FcgR exist in quiescent
cells, (2) Syk is an important determinant of actin structure and
receptor mobility in unstimulated macrophages, and (3) the
Syk-mediated restructuring of the cytoskeleton initiated by
FcgR stimulation exerts a feedback effect on receptor mobility
and hence on receptor responsiveness during phagocytosis.
The implications of these conclusions are discussed in turn.
FcgR Undergo Transitions between Free and Confined
Modes of Diffusion
Our experiments were designed to test the validity of several of
the premises that underlie the zippering model of phagocytosis.
While we confirmed that in resting cells FcgRIIA exist almost
exclusively as monomers, we identified two subpopulations (or
states) with distinct mobility properties. The receptors undergo
transitions between fast and slow diffusion states, which could
be resolved using a two-state hidden Markov model analysis
(Das et al., 2009). Because the rate of transition from the slow
to the fast state is greater than the rate of the opposite transition
(Figure S4), the receptors appear to diffuse freely for amajority of
the time (z70%) in untreated cells (Figure 3). It is noteworthy that
a relatively slow acquisition rate (33 Hz) was employed in our
studies. Therefore the transitions between slow and fast states
reported here should be distinguished from the hop-diffusion
mechanism described earlier (Kusumi et al., 2012). Rather than
reflecting the escape of proteins via openings in persistent cor-
rals, the slower transitions reported here are probably due to
larger scale alterations in the structure of the actin network.
It is noteworthy that when Syk is inhibited, the rate constant of
transition from the fast to the slow state increases, while the
reverse rate constant decreases (Figure S4). Thus, Syk activity
appears to prevent receptors fromentering confinement regions.
But once trapped in a confinement region, receptors have
roughly the same probability of escape independently of SykDeveactivity. The net result of Syk inhibition is a greater propensity
for the receptors to be transiently confined.
A Role of Syk in Cytoskeleton Organization
While there was abundant evidence for a role of Syk in actin
reorganization upon immunoreceptor stimulation, our study
revealed that the kinase is partially active in restingmacrophages
and plays a major role in the general organization of the actin
cytoskeleton (Figures 3 and 6). What causes Syk activity in mac-
rophages at rest? Activation of the kinase is typically triggered by
association with phosphorylated ITAM (Mo´csai et al., 2010),
which are in turn generated by receptor stimulation. Because
FcR are the most abundant ITAM-bearing receptors in macro-
phages, one can envision that, even in the absence of ligand,
FcR occasionally coalesce randomly, resulting in stimulation of
Syk activity. While not described for FcR, such stimulation by
random collisions has been documented for B cell receptors
(Monroe, 2006). Of note, altering B cell receptor confinement
by disrupting the actin cytoskeleton was found to enhance the
tonic signaling, likely due to increased receptor mobility and
spontaneous coalescence (Treanor et al., 2010). Our analysis of
receptor trajectories in resting cells showed that FcgRIIA can
randomlymerge and split, consistent with the hypothesis of tonic
signaling (Figure 1E). However, our studies of the oligomerization
state FcgRIIA demonstrated that, if randomevents occur, only an
extremely limited number of receptors would be clustered at any
given time (Figures 1F and 1G). Therefore, it is likely that other
mechanisms contribute to the tonic stimulation of Syk.
Several membrane receptors associate with the ITAM-bearing
subunits DAP12 or FcRg, potentially leading to Syk activation
(Mo´csai et al., 2010). In myeloid cells, the best-characterized
example is the adhesion-dependent stimulation of Syk, which
requires engagement of integrins that interact with ITAM-
containing adaptors (Mo´csai et al., 2002). Our observations
that Syk inhibition led to podosome disassembly (Figure 6),
and that the majority of active Syk (visualized using anti-pSyk
antibody; Figure S2A) colocalized with podosomes, are sugges-
tive of integrin-mediated activation of Syk in resting macro-
phages. Accordingly, inhibition of integrin-mediated adhesion
by EDTA greatly reduced Syk activation (Figure S2A). However,
the list of receptors that can interact with DAP12 or FcRg is
relatively large (Fodor et al., 2006). Hence, basal Syk activity in
‘‘unstimulated’’ macrophages likely results from several different
signaling pathways.
It is important to note that, despite localizing almost exclu-
sively to the ventral surface of the cell, where integrin-mediated
adherence takes place, active Syk affects the state of actin on
both the ventral and dorsal aspects of the membrane. Thus,
Syk exerts control of local as well as distal actin polymerization.
How are these effects mediated? The master regulators of actin
organization are molecular switches of the Rho GTPase family
(Heasman andRidley, 2008). Syk is known to regulate the activity
of Rho-family GEFs, including Vav isoforms that activate Rac
and RhoA (Deckert et al., 1996). We find that in adherent macro-
phages piceatannol inhibits Rac1 (accounting for the dissolution
of podosomes), but activates RhoA (Figure S3B). This effect is
correlated with increased cortical actin density at the dorsal
surface, which was recapitulated by the overexpression of
constitutively active RhoA (not shown).lopmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inc. 543
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ance, when visualized by scanning electron microscopy. This
peculiar cytoskeletal structure accounts for the coexistence of
freely mobile receptors, likely present in fenestrations, and
confined receptors presumably found in actin-rich patches. By
modulating the cytoskeletal structure, the tonic activity of Syk in-
fluences the ratio of freely mobile and confined receptors and
their diffusion coefficient. Our results imply that such tonic activ-
ity increases the overall mobility of the FcR, improving their likeli-
hood of clustering when confronted with a multivalent ligand.
Functional Consequences of Actin Reorganization by
Syk during Phagocytosis: the Zipper Model Revisited
Syk not only influences the cytoskeletal structure of resting
macrophages, but causes striking actin rearrangements when
it undergoes stimulation during FcR engagement. Inevitably,
this will impact the mobility and responsiveness of those recep-
tors not yet immobilized by interaction with particle-bound IgG,
generating a feedback effect that was previously unappreciated.
Our observations of FcgR mobility during phagocytosis show
that receptors are more mobile at the periphery of the cup (visu-
alized as a lamellipodium during frustrated phagocytosis) than at
the level of the dense actin ring (Figure 7D). Because receptor
coalescence requires their diffusional displacement, this differ-
ential mobility favors clustering of unengaged receptors at the
edge of the advancing lamellipodium/pseudopod, whereas
further receptor recruitment is prevented in areas where
signaling has already reached a sufficient level to induce intense
actin polymerization. This combination of positive feedback at
the leading edge and negative feedback in actin-enriched areas
is ideally suited to foster receptor engagement and effective
progress of the pseudopod tip, while limiting excessive and
unnecessary signaling in activated regions.
These observations have clear physiological implications.
First, the degree of integrin engagement during leukocyte
chemotaxis to sites of infection will influence the preparedness
of the receptors to engage the IgG-coated prey. Second, in the
course of phagocytosis the activation of Syk and the attendant
cytoskeletal remodeling direct receptor mobility in a manner
that optimizes target engulfment while preventing unnecessary
and possibly counterproductive stimulation in areas where the
cytoskeleton has been sufficiently rearranged.
EXPERIMENTAL PROCEDURES
Reagents
Reagent details are provided in the Supplemental Information.
Macrophage Isolation and Culture
Human blood samples from healthy volunteers were collected with heparin.
Peripheral bloodmononuclear cells were isolated by density-gradient centrifu-
gation using Ficoll-Paque Plus (Amersham). Cells were resuspended (107
cells/mL) in RPMI-1640 with L-glutamine containing 10% heat-inactivated
fetal bovine serum (FBS; Wisent) and seeded onto 18 mm glass coverslips
(Fisher Scientific) at 5 3 105 cells/coverslip. After 1 hr at 37C, nonadherent
cells were removed by multiple washes. Adherent cells were incubated in
RPMI-1640 with 10% FCS, 1 ng/ml human M-CSF and 100 U/ml penicillin,
100 mg/ml streptomycin, and 10 mg/ml polymyxin B (Invitrogen) for 7–14 days.
To prepare bone marrow-derived macrophages, femurs and tibias were
dissected form euthanized mice. The marrow was extracted by perfusion of
DMEM with a 21-gauge needle to produce a single-cell suspension, which544 Developmental Cell 29, 534–546, June 9, 2014 ª2014 Elsevier Inwas plated in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS,
1 ng/ml murine M-CSF, and 100 U/ml penicillin, 100 mg/ml streptomycin,
and 10 mg/ml polymyxin B (Invitrogen). After removal of nonadherent cells,
macrophages were cultured for 7 days to allow complete maturation. The
animal protocol was approved by the Animal Care Committee of the Hospital
for Sick Children.
Receptor Labeling and SPT
Cells were blocked in HEPES-buffered RPMI-1640 (HPMI) with 5% donkey
serum for 5 min and incubated for 10 min with IV.3 Fab fragments (specific
to human FcgRIIA), or anti-mouse FcgR Fab fragments (Flannagan et al.,
2010), diluted in blocking medium. Next, cells were incubated with Cy3-conju-
gated donkey anti-mouse Fab fragments, or biotinylated Fab fragments, at a
1:1,000 dilution for 10 min. In the latter case, cells were then washed in
HBSS and incubated with streptavidin-conjugated Qdot 655 for 4 min. Finally,
cells were washed three times in HPMI containing 0.2 mg/ml biotin to block un-
engaged streptavidin.
Images were acquired on a Zeiss Axiovert 200Mmicroscope, equipped with
a 1003 NA 1.45 oil objective, a custom 2.43 magnification lens, and a
back-thinned EM-CCD camera (C9100-13, Hamamatsu). Acquisitions were
performed at 33 Hz with Volocity software (Perkin-Elmer).
Single particles were detected and tracked as described (Jaqaman et al.,
2008, 2011). Motion types and diffusion coefficients were determined using
a moment scaling spectrum (MSS) analysis (Ewers et al., 2005; Ferrari et al.,
2001; Jaqaman et al., 2011). The confinement dimension was derived by
eigenvalue decomposition of the variance-covariance matrix of particle
positions (Jaqaman et al., 2011).
Fluorescence Recovery after Photobleaching
RAWmacrophages transfected with FcgRIIA-GFP were imaged using a Nikon
A1R confocal microscope running Nikon Elements 4.1. Simultaneous photo-
bleaching/imaging was performed using resonance mode (512 3 512, 30
fps) with a 603/1.4 CFI Apo Lambda S oil objective and 401/488 nm laser lines,
respectively. To determine the rate of recovery, fluorescence intensity of the
bleached and an unbleached area were measured in the same cell. The
intensity of the bleached area was normalized to that of the corresponding
unbleached area to correct for general photobleaching due to sampling.
Data were fitted to a simple diffusion, zero-flow model using the formula:
FðtÞ =
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
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where the fluorescence intensity (F) at a given time (t) is related to the maximal
fluorescence (F(t =N)) and the half-time of maximal recovery (t1/2) (Yguerabide
et al., 1982). Recovery curves were fitted using this equation, with Prism 4
(GraphPad Software). Diffusion coefficients were calculate using the following
formula:
D=

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
4t1=2

gD
where u is the width of the bleached area and gD is a constant equal to 0.88
(Axelrod et al., 1976).
Scanning Electron Microscopy
Imaging of the cortical cytoskeleton by scanning electron microscopy was
performed as described previously (Svitkina, 2007). Briefly, cell membranes
were extracted for 5 min at room temperature by 1% Triton X-100 and 4%
polyethylene glycol (MW 40,000) in PEM buffer (100 mM PIPES, pH 6.9;
1 mM MgCl2; 1 mM EGTA), supplemented with 10 mg/ml Taxol and 10 mM
phalloidin. Cells were then washed and immediately fixed with 2% glutaralde-
hyde in PEM buffer for 20min. After removing the fixative, cells were incubated
with 0.1% tannic acid for 20 min. Cells were rinsed three times in distilled
water, then incubated in 0.2% uranyl acetate for 20 min. Samples were
dehydrated in graded ethanol solutions and critical point-dried in CO2. Finally,
samples were coated with platinum and carbon. Images were acquired on a
Hitachi field emission scanning electron microscope.
Phagocytosis and Frustrated Phagocytosis Assays
Fc-mediated phagocytosis of particles was performed using 5 mmpolystyrene
beads with 2% DVB (Bang’s Laboratories) coated with human IgG at 1 mg/mlc.
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cells in HPMI at 37C. Phagocytosis was imaged using a Quorum spinning-
disc confocal microscope. For frustrated phagocytosis, glass coverslips
were coated with 1% BSA in PBS for 1 hr at room temperature. Coverslips
were washed three times and then incubated with a mouse monoclonal anti-
BSA antibody (Serotech) at 1:50 for 1 hr. Coverslips were washed 3 times
and placed in HPMI at 37C. Suspended RAWmacrophages stably expressing
actin-GFP were added to the medium and imaged. For SPT, RAW macro-
phages were labeled with anti-mouse FcgR Fab fragments as described
above, prior to their suspension.
Image Processing, Quantification, and Statistics
Images were acquired using Volocity 4 (Perkin-Elmer), exported as Tiff and
processedwithMatLab (MathWorks) for SPT, or analyzed and quantified using
ImageJ 1.46 (NIH) for all the other experiments. Statistical comparison of the
data was performed by the nonparametric Mann-Whitney test, with a two-
tailed p value, using Prism 4 (GraphPad Software). For each measurement,
mean and SEM (presented as error bars) were calculated from at least three
independent experiments.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.04.031.
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